The nearby isolated neutron stars are a group of seven relatively slowly rotating neutron stars that show thermal X-ray spectra, most with broad absorption features. They are interesting both because they may allow one to determine fundamental neutron-star properties by modeling their spectra, and because they appear to be a large fraction of the overall neutron-star population. Here, we describe a series of XMM-Newton observations of the nearby isolated neutron star RX J0806.4−4123, taken as part of larger program of timing studies. From these, we limit the spin-down rate toν = (−4.3 ± 2.3) × 10 −16 Hz s −1 . This constrains the dipole magnetic field to be < 3.7 × 10 13 G at 2σ, significantly less than the field of ∼ 10 14 G implied by simple models for the X-ray absorption found at 0.45 keV. We confirm that the spectrum is thermal and stable (to within a few percent), but find that the 0.45 keV absorption feature is broader and more complex than previously thought. Considering the population of isolated neutron stars, we find that magnetic field decay from an initial field of 3 × 10 14 G accounts most naturally for their timing and spectral properties, both qualitatively and in the context of the models for field decay of Pons and collaborators.
INTRODUCTION
The so-called isolated neutron stars (INS; see for reviews) are a group of seven (confirmed) nearby ( 1 kpc) neutron stars with low (∼ 10 32 erg s −1 ) X-ray luminosities and long (3-11 s) spin periods. They stand out from the normal neutron star population because of their timing properties (which should not have influenced their method of discovery via soft X-ray emission, although see Heyl & Kulkarni 1998) . The X-ray luminosities are consistent with cooling neutron stars of ages ∼ 0.5 Myr (Page et al. 2004) , in rough agreement with their kinematic ages (Walter 2001; Kaplan, van Kerkwijk, & Anderson 2002c; Motch et al. 2005; Motch et al. 2009) .
A crucial unknown in understanding the INS is their magnetic field strengths. This is important in understanding the X-ray spectra (Zane, Turolla, & Drake 2004; Motch, Zavlin, & Haberl 2003; Ho et al. 2007; van Kerkwijk & Kaplan 2007; and their thermal history (Heyl & Kulkarni 1998) . The X-ray spectra of the INS appear thermal, with temperatures of ∼ 10 6 K and with, in all but one source, broad absorption features at energies of 0.2 to 0.75 keV. These features may give clues to the chemical composition and structure of the INS surfaces, but also depend strongly on the magnetic field. For a hydrogen atmosphere the simplest possibilities are electron and proton cyclotron resonances or transitions between bound states of neutral hydrogen, all of which depend on the field strength. Even with different compositions (or states) the field strength is still relevant. At the same time, the magnetic field can affect the cooling rate and thermal content of the neutron star atmosphere (e.g., Pons, Miralles, & Geppert 2009 , and references therein).
Dipolar magnetic field strengths can be estimated from coherent timing solutions, and we used X-ray observations to derive such solutions for four INS, finding magnetic fields of (1 − 3) × 10 13 G (Kaplan & van Kerkwijk 2005a,b; van Kerkwijk & Kaplan 2008; Kaplan & van Kerkwijk 2009, hereafter KvK05a,b, vKK08, KvK09 ; also see van ).
Here, we constrain the spin-down rate and hence magnetic field strength of the INS RX J0806.4−4123 (hereafter RX J0806) with a series of dedicated XMM-Newton observations. We also present a preliminary spectral analysis, but defer a detailed phase-resolved analysis to a later paper.
RX J0806 was identified as a possible neutron star by Haberl, Motch, & Pietsch (1998) on the basis of a soft thermal spectrum and the absence of an optical counterpart. Using XMM, Haberl & Zavlin (2002) confirmed that the spectrum was soft and blackbody-like and identified a candidate 11.37 s periodicity. Further observations confirmed this periodicity and also suggested that the X-ray spectrum was not purely a blackbody, but had a broad absorption feature at ≈ 0.45 keV hereafter H+04) . In what follows, we assume a distance of 250 pc to RX J0806, derived by Posselt et al. (2007) from a comparison of the X-ray absorption column density with a model for the interstellar medium (using N H = 1.0 × 10 20 cm −2 , consistent with what we infer).
With RX J0806, we now have spin-down measurements or constraints for five of the seven confirmed INS. Examining the global properties of the INS relative to other related neutron star populations, we attempt to understand how the INS fit with the other groups. Note. -All observations used the small window mode and thin filter for both EPIC-pn and EPIC-MOS1/2, except for Revs. 168 and 618, in which the full window mode was used, which meant that only the EPIC-pn data were suitable for timing. a The exposure time, number of counts, and estimated fraction of events due to background f bg given here are for EPIC-pn only. b The TOA is defined as the time of maximum light of the fundamental (following Eqn. 1) closest to the middle of each observation computed from the combined EPIC-pn and EPIC-MOS1/2 datasets, and is given with 1-σ uncertainties.
The structure of this paper is as follows. In Section 2, we present our new data and perform our timing ( § 2.1) and spectroscopic ( § 2.2) analyses. We then consider the implications of these results. In § 3.1, we compare the timing and spectral properties of RX J0806 to the rest of the INS and try to understand the origin of the X-ray absorption features. In § 3.2, we extend the comparison to the pulsar population as a whole, exploring the qualitative relation between the INS and relevant subpopulations of pulsars. From this, we are led to consider the role that magnetic field decay may play in the evolution of the INS, and in § 3.3 we discuss our results in the context of a specific model for field decay, that of Pons et al. (2009) . Finally, we conclude in § 4.
OBSERVATIONS & ANALYSIS
We observed RX J0806 eleven times with XMM (Jansen et al. 2001 (Jansen et al. ) in 2008 (Jansen et al. and 2009 , and focus here on the data taken with the European Photon Imaging Camera (EPIC) with pn and MOS detectors, all used in small window mode with thin filters (Table 1 ). All our observations, as well as those from Haberl & Zavlin (2002) and H+04 (taken with the same filter, but with the full window mode instead), were processed with SAS version 8.0.1. We used epchain and emchain and selected source events from a circular region of 37.
′′ 5 radius with energies between 150 eV (the default) and 1.2 keV (where flares are minimized; the source is not detected above 1.2 keV, and the background grows increasingly dominant below 150 eV). As recommended, we included only one and two-pixel (single and double patterns 0-4) events with no warning flags for pn, and single, double, and triple events (patterns 0-12) with the default flag mask for MOS1/2. We barycentered the event times using the Chandra X-ray Observatory position from H+04: sized regions offset from the source, but at the same RAWY coordinate, as recommended by the SAS User Guide.
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For MOS1/2, the small-window mode does not permit such large background areas, but we used several smaller areas to compensate. The background rate for our data (up to ∼ 24% in one case) was higher than for the archival data (∼ 2%), in some cases due to severe flares. However, restricting the time ranges to remove the flares did not significantly alter our results or precision.
Timing Analysis
As a starting place, we first determined the frequency that maximized the power in a Z periodogram that incorporates the first harmonic (see below) gives the same result with slightly better precision, where the uncertainty on ν is found with the same analytic expression as for the Z 2 1 result (based on Ransom, Eikenberry, & Middleditch 2002) and we have verified with simulations that this is correct.
Using the above frequency, we determined the times-ofarrival (TOAs; see Table 1 ) for the combined EPIC data from each observation by fitting the binned lightcurves (following KvK05b; we verified that we obtained similar results from unbinned fits following Cash 1979). Like Haberl & Zavlin (2002) , we found that the lightcurve of RX J0806 was best described not by a single sinusoid but instead by a sinusoid and its first harmonic, where the number of counts in bin i are:
(1) where f 0 is the frequency of the fundamental from above, t i is the time of bin i on the interval [0, 1/f 0 ), and the fit parameters are amplitude A, phase φ 0 , amplitude ratio r 2 , phase offset ∆φ 2 , and constant rate C, similar to KvK05b. We found initial best-fit parameters from the longer observations, finding that all were reasonably consistent with a constant pulse profile with A/C ≈ 4.6%, r 2 ≈ 0.45, and ∆φ 2 ≈ 0.11 (corrected for background). This is consistent with the ∼ 6% pulsed fraction found by H+04. We refined the parameters using the combined event list derived from all 2008-2009 observations phased together (see below).
The spacing and precision of the TOAs is insufficient for an unambiguous timing solution (unlike in KvK05a,b but like in vKK08 and KvK09). Instead we searched for possible coherent timing solutions by iteratively trying sets of cycle counts between the different TOAs from 2008 and 2009 (similar to vKK08, although as with KvK09 we did not incorporate frequency information from each observation because it does not add extra information). We limit solutions to |ν| 1.5 × 10 −13 Hz s −1 , the 3-σ incoherent limit from H+04.
We find one solution that is considerably better than the alternatives with χ 2 = 5.1 for 8 degrees of freedom (DOF) and a small, not-quite significant spin-down rate ofν = (−4.3 ± 2.3) × 10 −16 Hz s −1 (see Fig. 2 , Table 2 ). This gives a 2 σ limit on the magnetic field of field of B dip < 3.7×10
13 G. The next best solution has χ 2 = 27.2 and a very different spin-down rate: (+4.32 ± 0.02) × 10 −14 Hz s −1 . For a fit with 3 free parameters, a change in χ 2 of 22.1 means that the best-fit solution is favored at 99.994% confidence. Even less likely solutions are found for combinations of other cycle counts.
We confirmed this solution using a coherent Z 2 1 periodogram as a function of both ν andν. The best solution was consistent with that found in the TOA analysis, although it varied by ∼ 1 σ inν. This is likely because the Z 2 1 did not incorporate any information about the harmonic, while the TOA analysis did. The best-fit peak has Z After performing our coherent timing solution, we Note.
-Quantities in parentheses are the formal 1-σ uncertainties on the last digit. τ char = P/2Ṗ is the characteristic age, assuming an initial spin period P 0 ≪ P and a constant magnetic field; B dip = 3.2 × 10 19 p PṖ G is the magnetic field inferred assuming spin-down by dipole radiation;Ė = 3.9 × 10 46 νν erg s −1 is the spin-down luminosity. In addition to the nominal values above, the 2-σ limits to those quantities (based onν > −8.9 × 10 −16 Hz s −1 ) are τ char > 1.5 Myr, B dip < 3.7 × 10 13 G, andĖ < 2.8 × 10 30 erg s −1 . made a pulse profile using the events from all 2008-2009 observations (Fig. 1) . We found that the shape was consistent with what we had assumed above, but that changing the pulse shape parameters within the measured uncertainties changed the timing solution slightly, typically by 10% inν (20% of the uncertainty onν). Similarly, changing the timing solution within the uncertainties changed the fitted parameters slightly. However, since all such changes were significantly less than the uncertainties, we decided to choose an average set of pulse profile parameters and use them throughout. The final parameters that we used were A/C = 0.046 ± 0.004, r 2 = 0.45 ± 0.10, and ∆φ 2 = 0.11 ± 0.02 (i.e., our arrival times are based on fits in which only φ 0 and C are free parameters). These values are consistent with the timing solution given above and in Table 2 . The profile with the harmonic is preferred greatly to just a sinusoid, with χ 2 = 43.8 for 13 DOF (fundamental only) vs. χ 2 = 14.2 for 11 DOF (with the harmonic). Changing parameters slightly gives similar but slightly different results. For example, with r 2 = 0.55 instead of 0.45, we findν decreases by 2% which is 5% of the uncertainty onν. Decreasing A/C to 4% increasesν by 7% (15% of the uncertainty oṅ ν). The energy range that we used also affects our results slightly, but the solution remains consistent overall. For instance, we see slight differences if we restrict our analysis to the energy range of 300-500 eV, where the pulsations from RX J0806 are the very strong and the spectrum shows X-ray absorption (see below). While the pulsation amplitude increases to A/C = 7%, the timing solution is consistent withν = (−2.1 ± 2.2) × 10 Table 1. thus infer a precise spin-down rate: the gaps are so large that even at 1 σ, the uncertainty on the cycle count from theν uncertainty is 1 2 σν ∆t 2 = 7.2 cycles (where ∆t = 1.8 × 10 8 s is the gap between the reference time and Rev. 618).
Spectroscopic Analysis
With ∼ 3 times longer total exposure time compared to H+04, we wished to see whether the basic spectral fits of H+04 are still valid and to look for possible long-term variability such as that found for RX J0720.4−3125 by de .
To do so we examined all EPIC-pn spectra of RX J0806. (A full spectral analysis, including the EPIC-MOS and RGS data and a phase-resolved analysis, is in progress.) We used the same source and background extraction regions as for the timing analysis, created appropriate response files, and binned the spectral files such that the bin width was at least 25 eV (about one third of the spectral resolution) and the number of source plus background counts was at least 25.
We first compared the raw EPIC-pn spectra of all of the observations against each other. This did not include any response files or calibration corrections, but even so the binned pn spectra were generally consistent with each other implying no spectral change (Fig. 3) . The only small deviations were seen for the archival data in 2000 and 2003 (reduced χ 2 of 2-3), and much of that could be corrected by a small slope across the 0.15-1.2 keV band: a fractional change of ≈ 0.15 keV −1 is sufficient to get a reduced χ 2 of 1-2 for all observations. This change for the early data most likely reflects a small degree of event pileup present in those observations above 0.7 keV, caused by the 73 ms frame time of the full frame mode being insufficient to separate all events (for the small window mode, with its 6 ms frame time, pileup is not an issue). Because of this corruption, in the following fits we excluded the full frame data. We note, however, that the results including those data were still quite similar.
We fit the pn data from 2008-2009 together using sherpa. Like H+04, we found that an absorbed blackbody did not provide a good fit. Indeed, the deviations from a blackbody forced the interstellar absorption col- Table 3 ). In the blackbody panel we plot the ratio of the models 1G/Blackbody (dashed green line) and 2G/Blackbody (solid green line). Where we have Gaussian absorption components, we also show the Gaussians schematically (black lines), although the amplitudes are on an arbitrary scale.
umn density N H to zero. Rather than setting N H arbitrarily, we fit for an unabsorbed blackbody: while not realistic, this provides a reference. We list the corresponding radius and temperature in Table 3 . In Fig. 4 , one sees that there are strong negative residuals near 0.45 keV. We tried fitting for this using Gaussian absorption lines, defined as follows,
(2) where F C (E) is the continuum spectrum (a blackbody with interstellar absorption), E i , A i , and FWHM i are the central energy, absorption depth, and FWHM of absorption component i and the factor of 4 ln 2 converts from a FWHM to a Gaussian σ.
In Fig. 4 , one sees that the absorption is broad and somewhat asymmetric. We found that, as a result, if we left the FWHM free, a single Gaussian became as wide as the blackbody peak. Instead, therefore, we decided to fix the FWHM to 0.2 keV, similar to what was used by H+04 (0.16 keV). This is arbitrary, but should at least give a qualitative sense of the amount of absorption present. Including this single component results in a feature with an equivalent width of 53 eV and a significantly improved fit. As a consistency check, we kept the central energy and amplitude of the absorption fixed and fit for the FWHM, finding a best-fit value of 0.23 keV.
In Figure 4 , there still appear to be significant deviations of the residuals of the 1G model near 0.65 keV, showing that our single line could not reproduce the de- Note. -Only the 0.15-1.2 keV range was fitted. Quantities in parentheses are the formal 1-σ uncertainties on the last digit. Quantities without uncertainties were held fixed for that particular fit. a A blackbody modified by interstellar absorption, plus 0, 1, or 2 Gaussian absorption lines following Eqn. 2. b The effective temperature and radius of the best-fit blackbody as seen by a distant observer. The radius is scaled to a distance of 250 pc. viations from the black body well. We therefore added a second Gaussian absorption component near that energy.
4 This significantly improved the fit, with much flatter residuals and a reduced χ 2 of 1.04. The change in χ 2 is significant at the ∼ 10 −16 level, according to an F-test. We also fit Gaussians at a range of energies across the 0.2-1.1 keV band, and find that except for the edges of the band (where the fitting breaks down) only lines near 0.68 keV give significant improvements to the fit. Compared to allowing the FWHM of the first Gaussian to vary, we find that including a second line gives a much better fit (e.g., reduced χ 2 of 1.52 for FWHM 1 = 0.5 keV).
Even with two Gaussians, there is still structure in the residuals and the reduced χ 2 is not quite 1, likely reflecting the even-more complex shape of the absorption feature. The two lines in Figure 4 overlap, and there are residuals at their edges. The equivalent width of the first line has now increased to 89 eV, with the second at 55 eV. The energies of these lines are in an almost 3:2 ratio which may reflect some underlying harmonic structure to the absorption, but it may also just come from attempts to fit the complex structure of the absorption with simple shapes: changing the FWHM of each line changes the central energies and the ratio, which is almost 1.7 for lines with FWHM of 0.3 keV. We could add additional components to improve the fit but they become increasingly artificial. We did try to fit in wavelength space where the shape of the absorption is slightly different (e.g., van ). There the basic results hold, and while a single Gaussian does a somewhat better job, it is still far from perfect. Overall the absorption seems truly complex in shape, with a total equivalent width 140 eV. Further phase-resolved fits may be able to help understand some of the complexities, but we defer them to a later paper.
While the data were largely consistent with a constant spectrum, we did one simple test in which we allowed the individual observations to differ. With the basic 2G fit from Table 3 the observations had reduced χ 2 ranging from 0.7 to 3.3, where the longest observation (Rev. 618) had the worst χ 2 . This is also evident in Figure 4 , where the residuals from Rev. 618 are generally similar to the average residuals, with some slight deviations at high energies. With the exceptions of the data from 2000 and 2003, we find the data are consistent with a constant spectrum. The early data deviate slightly, giving slightly higher temperature and lower radius, but again this is largely because of the pileup-induced apparent hardening of the spectrum. Even including all of the data in the fit, kT changes by only a few eV with a resulting change in the blackbody radius such that R 2 BB ∝ kT
BB , i.e., the flux stayed relatively constant (< 2%).
RX J0806.4−4123 AND THE INS
Much like the other INS for which we have derived timing solutions/constraints, RX J0806 has a magnetic field near a few by 10 13 G (nominally, 2.5 × 10 13 G and < 3.7 × 10 13 G at 2 σ) with a characteristic age of a few Myr (nominally, 3.3 Myr and > 1.5 Myr at 2σ) and a spin-down luminosity of ∼ 10 30 erg s −1 . As such, the INS form a very homogeneous group. Here, we discuss the implications for their spectral features, as well as for the overall neutron star population.
INS spectral features
In van Kerkwijk & Kaplan (2007) we compared the Xray absorption of the different INS to a simple model including ion cyclotron and neutral hydrogen absorption in strong magnetic fields. We noted that the absorption energy of RX J0806 (≈ 0.45 keV) was similar to that of RX J1605.3+3249 ), and we see here that the depths are also comparable (we found 139 eV for the equivalent width of the main absorption line for RX J1605.3+3249). even found that a second line with an energy 1.5 times the first significantly improved the fit of RX J1605.3+3249, as we found here for RX J0806, making the sources even more similar, although we again caution that it is not clear how unique or meaningful those fits are. We speculated that the magnetic fields might be the same, at ∼ 10 14 G (this value is required for both proton cyclotron and neutral hydrogen transitions; also see . However, even though we do not have a clear detection of spin-down and thus cannot compare in detail, we can exclude this picture for RX J0806: our limits show that at least the dipole component is quite a bit lower (see KvK09 for a similar discussion regarding RX J2143.0+0654). The possible presence of multiple lines complicates the situation Table 4 are also indicated: the INS are red circles (or upper limits where nȯ P is known), the pulsars detected by ROSAT are blue squares, the nearby/young pulsars are blue five-pointed stars, and the pulsars with dipole fields ≥ 10 13 G and X-ray observations are blue sixpointed stars. We also plot the magnetars (Woods & Thompson 2006) as green diamonds. We indicate lines of constant dipolar field and characteristic age as labeled. Finally, we also show the results of evolutionary model from Pons et al. (2009) as the thick lines (solid lines: dipole only; dashed lines: including a toroidal component with a strength of 50 times that of the dipole). The initial dipole fields are 10 13,13.5,14,14.5,15 G at the pole, there are cross-ticks at (0.01, 0.03, 0.1, 0.3, 1) Myr, we assumed initial periods of 0.1 s, and we have divided the field at the pole by 2 to get the field at the equator for comparison with the spin-down field estimates (see Lorimer & Kramer 2004 ).
somewhat, since the "fundamental" may be at lower energies and thus the inferred magnetic field weaker. However, since harmonics should be significantly weaker for ion cyclotron resonance at least (Pavlov & Panov 1976) , this seems unlikely to be the explanation.
Presuming that the absorption comes from some transition in the atmosphere, there are a number of alternative explanations. For one, the magnetic field geometry could play a role. The dipole component that we measure is only a projection of the true dipole field, and the field on the surface could have higher order or substantial toroidal components (Braithwaite 2009) . Beyond that, different INS could have different chemical composition, although then we have to understand how the apparent emission radii of the INS are relatively similar .
Including RX J0806 in the magnetic field-effective temperature plane, it is consistent with the line defined by RX J1856.5−3754 RX J0720.4−3125, and RX J1308.6+2127 (KvK09). As discussed in KvK09, this correlation, while quite possibly a coincidence, may have some relation to the origin of the INS and the coupling of the magnetic and thermal evolutions (see below). It is also possible that it is influenced by surface condensation 5 (Medin & Lai 2007) .
3.2. The INS, and the Neutron Star Population While the INS were discovered over 10 years ago, we still lack a detailed appreciation for their place in the 5 In our discussion of the effects of condensation in KvK09, we incorrectly stated that a condensed surface would inhibit a vacuum gap and hence radio emission: in fact it is the opposite (Z. Medin 2009, priv. comm.).
overall neutron star population and for what makes them unique (although see Popov et al. 2000b Popov et al. ,a, 2006 Popov et al. , 2008 and references therein for some discussion). A full understanding requires detailed models of the birth and evolution of neutron stars, but given the small numbers of objects and the large number of free parameters, getting reliable constraints is necessarily difficult. However, we can gain some insight by comparing the INS to different related neutron star populations. For this purpose, we give the salient properties of different objects in Table 4 . Aside from the seven confirmed INS, we consider:
• Rotation-powered pulsars detected in the ROSAT All-sky Survey with count-rates ≥ 0.05 s −1 in the PSPC (referred to here as "RASSPSRs").
• Other relatively young and nearby rotationpowered pulsars (referred to here as "NearPSRs"; we adopted a distance limit of 1 kpc and a characteristic age limit of 5 Myr).
• Rotation-powered pulsars with dipole magnetic field ≥ 10 13 G (so called high-B pulsars, or "HBPSRs"), but limited to those with X-ray observations.
These objects each make appropriate comparisons with the INS. The RASSPSRs are generally young and nearby neutron stars (we exclude the Crab pulsar from further consideration as it is much younger and more distant than the rest of the RASSPSRs), with X-ray luminosities and distances similar to those of the INS. Moreover, these were all detected in the same survey that discovered the INS. However, we do not know exactly how young the INS are. We therefore also include the NearPSRs: a sample of moderately young, moderately nearby pulsars regardless of their X-ray luminosity. While the INS are likely within 500 or 700 pc, we extend our range to 1 kpc for the pulsars since the distances of both classes are uncertain. Similarly, we extend to characteristic ages of 5 Myr, compared to characteristic ages of ∼ 3 Myr for the INS and kinematic ages of < 1 Myr. Finally, as the INS have larger than average magnetic fields, we also include those HBPSRs that have comparable dipole fields (≥ 10 13 G) and X-ray observations. For each object, we give:
• The timing properties, comprising the spin-period and the properties derived from that andṖ : dipole magnetic field, characteristic age, and spin-down luminosity. With the exception of RX J2143.0+0654 and RX J0806 (where the spindown measurements are only marginally significant) these data are uniformly of high quality.
• The X-ray spectral properties, comprising the count-rate (as detected in the ROSAT PSPC), temperature and radius of the best-fit blackbody, luminosity of the blackbody, and total luminosity including any non-thermal components. The quality of these parameters varies by object. For the INS they are relatively uniform, but the details of the spectral fit depend on the observations and the object as different objects have different levels of X-ray absorption (for example see • The distance (measured by astrometry where available) and any other age indicator (kinematic age or age of associated supernova remnant). Distances from astrometry are ideal, but in marginally-significant cases (such as RX J0720.4−3125; ) LutzKelker bias (Lutz & Kelker 1973; Smith 2003) can make them appear closer than they are, although other information such as X-ray absorption and Galactic geometry can be incorporated to improve the situation. For objects without astrometry, we rely on the dispersion measure (in radio) and hydrogen column densities (in X-rays) along with models for the Galaxy. In both cases, the results can be unreliable, especially for close objects (as these are), although it is less likely that they are systematically biased. Furthermore, the X-ray absorption column density can be unreliable as it is often covariant with other fitting parameters as well as with the assumed shape of the spectrum (e.g., Durant & van Kerkwijk 2006) .
For additional notes on the data, see Table 4 .
If we take the RASSPSRs and INS as a single sample detected by ROSAT, the two groups have roughly comparable sizes (Popov et al. 2003; . Based on their temperatures and independent ages at least some of the RASSPSRs may be slightly younger than the INS, but the temperatures can be affected by non-thermal emission processes absent in the INS. Comparing the INS to the RASSPSRs, the INS have comparable X-ray luminosities of ∼ 10 32 erg s −1 (e.g., Popov et al. 2003; . The kinematic ages of the INS (when available) are comparable to if not slightly larger than the ages of the RASSPSRs. However, the characteristic ages of the RASSPSRs are also small, < 1 Myr, while the characteristic ages of the INS are all > 2 Myr. All of the RASSPSRs have periods < 0.4 s, while the INS have periods an order of magnitude longer and considerably stronger magnetic fields.
6 In contrast, for the slightly older NearPSRs the characteristic ages are often comparable to those of the INS but the X-ray luminosities are several orders of magnitude lower (∼ 10 29 erg s −1 ). The INS also have much lowerĖ than any other population. Finally, we note that INS have larger radii and smaller effective temperatures for the same X-ray luminosity. Is this an innate difference, perhaps as a result of the magnetic field geometry? Or is it artificial, perhaps a consequence of unrealistic emission models?
As we discussed previously (e.g., KvK05a), we need to reconcile the discrepant kinematic and characteristic ages of the INS. For one or two objects it could be a coincidence, but even for the objects without kinematic ages (RX J0806, RX J2143.0+0654), the luminosities suggest the true ages are substantially shorter than the characteristic ages. While having a very long initial period is possible, it would have to be very close to the current value. For other sources where the characteristic ages exceed the true ages, like PSR J0538+2817 (Kramer et al. 2003a; Ng et al. 2007 ), the initial spin period required in order to have spun-down to their current periods in their true ages (assuming dipole braking) is < 0.2 . This is longer than the traditionallyassumed ∼ 30 ms (Lyne, Pritchard, & Graham-Smith 1993; Migliazzo et al. 2002) , but similar to the more recently favored periods of a few hundred ms (Kramer et al. 2003a; Vranesevic et al. 2004; Gotthelf, Halpern, & Seward 2005; Faucher-Giguère & Kaspi 2006) , and, most relevant for the present purposes, much smaller than what would be required for the INS ( 5 s). Kramer et al. (2006) have discovered a pulsar whose spin-down torque varies quasi-periodically along with its radio emission. For approximately 10-20% of the time PSR B1931+24 (an otherwise ordinary pulsar with characteristic age of 1.6 Myr and dipole field of 2.6 × 10 12 G) is visible as a radio pulsar, but for the remaining time the radio emission is not detectable and the torque is reduced to 2 3 of its normal value. The difference is attributed to the presence (or strength) of an energetic plasma wind, where a strong wind leads to radio emission and higher torque. While we suspect from its Hα nebula that RX J1856.5−3754 does indeed have an energetic wind and brakes by magnetic dipole radiation, that scenario is not completely self-consistent (see below). So the absence of radio emission from the INS may point to cessation (or at least diminution) of a wind and its associated torque, and this could be a recent development in the histories of the sources if radio emission has just shut off. If the wind/radio emission only stopped recently (the worst case scenario) then the period evolution would have been dominated by a spin-down approximately 3 2 times what we see now and the characteristic age that we measure now would be high by 50%. This would go some but not all of the way toward resolving the discrepancy between the timing and kinematic ages, although differences in geometry (also see KvK09) could lead to slightly larger factors (other intermittent pulsars have since been discovered with slightly larger ratios of 1.7 instead of 1.5, possibly due to differences in alignment between the rotation and magnetic axes; Kramer 2008) . Such a comparison also suggests that there could be torque and/or radio flux variations in the INS, neither of which has been seen (except for the one timing/spectral change for RX J0720.4−3125; van ) but the sampling has been very sparse.
Another possibility is that spin-down does not follow the expectations for magnetic dipole radiation. For instance, a decaying magnetic field would give rise to a situation like what we see for the INS, as it would allow the sources to spin down rapidly early in their evolution (KvK09). Field decay was proposed previ-ously for the INS as a way to keep them hotter longer and thereby make them overrepresented in a local sample (Heyl & Kulkarni 1998) . Initial timing results suggested that field decay was not presently heating the INS Kaplan et al. 2002b) , and indeed the INS have roughly the expected thermal luminosities for their kinematic ages (especially given the large uncertainties and the steep decline in thermal luminosity for objects of this age; see e.g., Page et al. 2004 ). However, as we discuss below, field decay may have profoundly affected the magnetic and rotational evolution of the INS, and may have some other visible consequences. The models of field decay used by Kaplan et al. (2002b) were rudimentary, and including decay by other modes as well as a strong toroidal component can greatly change the outcome.
Regardless of the specific model, if the characteristic ages are correct for the INS, they are too luminous by more than a factor of 100 to be powered by residual heat. They would therefore require an extra energy source which we know cannot be the spin-down luminosity: the remaining alternative is magnetic field decay. If instead (and as we believe) the kinematic ages are correct, then the X-ray luminosities are reasonable, but we need to explain the long periods (and the associated large characteristic ages, low spin-down luminosities). Again, magnetic field decay seems to be the best option.
The INS and a Model of Magnetic Field Decay
The coupled magnetic and thermal evolution for neutron stars was studied in detail by Pons et al. (2009) . These authors assumed a range of initial field and temperature configurations and then followed them over time. Briefly, they found that for all sources with initial magnetic fields 5 × 10 13 G, the final magnetic field is ∼ 3×10 13 G at 0.5 Myr. But for all sources with weaker initial magnetic field the final magnetic field is just half the initial field. We note that the model of Pons et al. (2009) assumes magnetic field configurations and mechanisms of decay that may well be overly simplified. One of the biggest free parameters in their models is the ratio of toroidal to poloidal fields. This can vary significantly (e.g., Braithwaite 2009), and the non-linearity of field decay means that a strong, decaying toroidal component can alter the weaker poloidal component while being otherwise invisible.
Despite the above uncertainties, it seems encouraging that the main findings of Pons et al. (2009) for the results of field decay are similar to what we infer for the INS: neutron stars grouped around 2 × 10 13 G at true ages of ∼ 0.5 Myr or older. Taking the magnetic field evolution and using it to infer the spin-down history, one expects that neutron stars with strong fields quickly move across the P −Ṗ diagram, losing memory of the initial spin period. We find that as long as the initial field is between 1×10 14 G and 7×10 14 G, then the neutron star ends up at a period of 3 to 15 s (Fig. 5) . Coupling the thermal evolution in with the magnetic field, Pons et al. (2009) find luminosities of ∼ 10 32 erg s −1 at ages of ∼ 0.5 Myr, similar to what is expected for less strongly magnetized neutron stars; the excess energy from the field decay is mostly radiated at earlier ages, with the thermal luminosity being substantially higher around 10 5 yr. At ∼ 0.5 Myr, the difference may still be a factor of a few (dependent on field configuration and strength), but this would be largely lost in the observational uncertainties (age, distance, etc.) . This small remaining difference should not lead to a great over-representation in a local sample, and therefore the fact that about half of the young neutron stars detected by ROSAT (the INS plus the RASSPSRs) have long periods (and presumably strong fields) should give a reasonable clue to the true population. In a bit more detail, this will depend on the slope of the cooling curve: for power-law cooling L ∝ t −α , increasing the luminosity by a factor of λ will lead to an increase in population size of λ −1/α in a flux-limited sample if the population is in a constant volume (as might be expected for soft X-ray sources, since the exponential cutoff of interstellar absorption limits their detectability to 1 kpc). If the volume can increase too, we get an additional factor of λ in the population (assuming the population is confined to the Galactic disk). The true situation will probably be in between these extremes. With α typically between 2 and 3 at a few 10 5 yr (for photon cooling), a factor of at most a few increase in luminosity (due to field decay) would lead to a factor of 2 increase in population. Therefore, the INS would represent between one quarter and half the total population.
As an aside, we note that an interesting implication of the model of Pons et al. (2009) is that neutron stars may be hotter on the equator than at the poles, a combination of Joule heating from field decay and reduced conductivity preventing the heat from going inward. While the effect may be quite small at the ages of the INS, this may still complicate the interpretation of the lightcurve and phase-resolved spectroscopy of the INS. Typically, a model with a warm pole and cool equator is assumed (e.g., Braje & Romani 2002; Ho 2007) , although more complicated models have also been considered . If the geometry were reversed that could lead to different interpretations, and work is on-going to see if there are clear consequences to that (W. C. G. Ho, 2009, pers. comm.) . The asymmetry between equator and pole is time-and field-dependent, being most apparent for strong fields and at early times. For weak fields, the standard hot poles are regained. It may be that the very low pulsed fractions and limits found in sources like RX J1856.5−3754 and RX J1605.3+3249 are a consequence of being near the time where the surface becomes nearly isothermal, and that this underlies the difficultly in finding geometries that satisfy the observed pulsation limits (Braje & Romani 2002; Ho 2007) . If there is still a strong, buried toroidal field it could also lead to some ongoing, low-level decay, which might give rise to some of the spectral and temporal evolution seen in RX J0720.4−3125 Vink et al. 2004; Haberl et al. 2006; van Kerkwijk et al. 2007) , although nothing similar has been seen in the long-term monitoring of other sources ( § 3.1; KvK09) .
If, as we posit, magnetic field decay has influenced the period evolution of the INS, we can ask what the progenitors and descendants of the INS might be. Heyl & Kulkarni (1998) discussed RX J0720.4−3125 as an old magnetar. This could still be the case, although based on the models of Pons et al. (2009) the initial mag-netic fields for the INS would be close to ∼ 3 × 10 14 G and not much higher and would have followed an evolution that only skimmed the parameter range occupied by the magnetars (see Fig. 5 ). The descendants of the stronger-field magnetars would be expected to end up with longer periods. The INS do not actually seem to be old versions of at least the X-ray-bright HBPSRs. These HBPSRs mostly haveĖ > 10 36 erg s −1 (although this may partly be a selection effect, as this would increase L X ). Using the model of Pons et al. (2009) 14 G and have decayed. A few of the HBPSRs, like PSR B0154+61 (log 10Ė = 32.8, log 10 L X < 32.3), PSR J1819−1458 (log 10Ė = 32.5, log 10 L X = 33.7), and PSR J1718−3718 (log 10Ė = 33.3, log 10 L X ≈ 33.5), may be more similar, although we have no independent age estimates for those objects. Of these, the comparison to PSR J1819−1458 may be particularly interesting, as it emits only sporadic radio bursts as a so-called "Rotating RAdio Transient" (RRAT; McLaughlin et al. 2006) . The possibilities of a connection between the RRATs and the INS have already been discussed in several places (e.g., Popov et al. 2006) , but the spectral similarities ) and the recent detection of extended X-ray emission from PSR J1819−1458 that seems too large for itsĖ ) highlight it even further. The connection can only go so far, though: searches for RRAT-like radio emission from the INS have not been successful (Kondratiev et al. 2009 ).
As for the descendants of the INS, while they might be too faint for X-ray detection, they could still be apparent in radio surveys (although there are observational selection effects against long-period objects). However, very few objects are known in that part of the P −Ṗ diagram, and there are not enough to span the expected ages of up to 10 7 yr. Does this mean that the old INS have very narrow radio beams that miss the Earth, therefore reducing their prevalence in radio surveys? Or are there no radio beams? Will the surfaces condense to allow the formation of vacuum gaps (Medin & Lai 2007) or is this inhibited? This is largely a function of composition and state, which, as we discussed, remains uncertain. The Hα nebula around RX J1856.5−3754 might be taken as evidence for the generation of energetic particles Kaplan et al. 2002c) , but the requiredĖ is far higher than what is inferred from timing (van Kerkwijk & Kaplan 2008) .
One interesting object that may bridge the gap between the standard pulsars and the INS is PSR B1845−19: its long period and characteristic age put it withing reach of the INS, although we do not have an independent age or X-ray luminosity. Compared to the INS, theĖ for this object is slightly higher, while the characteristic age is similar, possibly suggesting that it sits at the boundary where magnetic field decay becomes important ( 10 13 G, according to Pons et al. 2009 ). Just how close the actual age is to the characteristic age may prove an important test of this scenario.
CONCLUSIONS
We have presented initial results from coherent timing of the nearby neutron star RX J0806. While we were not able to obtain a statistically significant measurement of spin-down, we were able to constrain the spin-down rate (and hence the dipolar magnetic field) to rather low values, and with the addition of a few data points with longer time baselines we should achieve a reliable measurement. The limit on the magnetic field (< 3.7 × 10 13 G at 2 σ) is interesting, as it is considerably lower than the ∼ 10 14 G expected from simple models of the X-ray spectrum. This echoes the discrepancy seen in RX J2143.0+0654 (KvK09), suggesting that we need to develop an improved model for the X-ray spectra of the INS. Whether this is just from an improved treatment of the radiative transitions (e.g., auto-ionizing transitions may play a role) or elements beyond hydrogen we do not know, but ongoing work in obtaining better timing constraints as well as phase-resolved spectroscopy should help to narrow the possibilities.
The X-ray spectrum of RX J0806 shows clear signs of a broad absorption feature at 0.3-0.6 keV, and our data show that it cannot be simply modeled by one or even two Gaussians. The pulsations are also relatively strong in the same spectral region, giving some hope that phase-resolved spectroscopy will allow us to illuminate the possible decompositions.
Comparing the INS with other relevant subpopulations of neutron stars, we are led to the conclusion that magnetic field decay has operated over the ∼ 0.5 Myr lifetimes of the INS. This can be seen from a qualitative comparison of the observed X-ray luminosities of the INS with X-ray luminosities of other sources and with predictions from standard cooling curves. From both, one infers that the characteristic ages are systematically long, while the kinematic ages are consistent with cooling models and the ages of other neutron stars with comparable luminosities. This conclusion is supported by the detailed modeling of Pons et al. (2009) , whose expectations for neutron stars born with magnetic fields of ∼ 2×10 14 G evolved to ∼ 0.5 Myr greatly resemble the INS. Among the implications of this model are that some neutron stars with magnetic field decay should be hotter at the equator than at the poles, in contrast with most assumed models of neutron star surface temperature distributions. Once again, phase-resolved spectroscopy would seem to be one of the best ways to try to discriminate between the possibilities. Improved models for the surface temperature, which constrain the viewing geometry, can then also be combined with proper motion measurements to try to understand some aspects of the complicated relation between magnetic fields, rotation, and kick velocities in young neutron stars (Lai 2001 a Spin period P , dipole magnetic field B dip = 3.2 × 10 19 p PṖ , characteristic age τ char = P/2Ṗ , and spin-down energy loss rateĖ = 3.9 × 10 46Ṗ /P 3 . b ROSAT PSPC count rate (if known), effective temperature and radius (for spherical emission) of the best-fit blackbody component as measured at infinity, bolometric blackbody luminosity, and total luminosity in the 0.1-2.4 keV band. For sources with multiple blackbody components, we took the one with larger radius/smaller temperature. c Parallax distance if known. If not, for the INS we use distances based on X-ray absorption (Posselt et al. 2007) or 500 pc for RX J1308.6+2127, while for pulsars we use distances from dispersion measures (Cordes & Lazio 2002) . d Independent age estimate. For the INS, this is the kinematic age, derived from tracing the object back to a probable birth site. The range is based on the observed range in distance as well as the result of multiple possible birth sites. For pulsars this is either a kinematic age or an age estimate for the associated supernova remnant. e Here we use the nominal values for the spin-down from Table 2: using the upper limits does not change the conclusions. f The X-ray data are consistent with no non-thermal emission, but such emission cannot be ruled out. g The radius was assumed to be that of a polar cap. h The emission from this source is also consistent with non-thermal emission with luminosity ∼ 2 × 10 29 erg s −1 . i The X-ray source is variable, and was observed at a level of about 10× the previous flux . j The radius was fixed to that of the whole surface. ported in part by the National Science Foundation under Grant No. PHY05-51164. MHvK acknowledges funding from NSERC. Apart from the XMMSAS data reduction pipelines provided by XMM-Newton, this research has made use of software provided by the Chandra Xray Center (CXC) in the application packages CIAO and Sherpa.
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